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INTRODUCTION
The zoonotic bacterium Coxiella burnetii caused a large outbreak in the Netherlands between 2007 and 2010. More than 4000 acute Q fever cases were reported, but seroprevalence studies estimated at least 40 000 individuals infected with C. burnetii (van der Hoek et al. 2010; Hogema et al. 2012) . Besides acute Q fever, C. burnetii infection can lead to chronic Q fever in 1%-5% of the individuals after an initial infection (Raoult, Marrie and Mege 2005) . The main sources for Q fever in humans are sheep and goats. In contrast to the observed clinical symptoms in humans during C. burnetii infection, infection in ruminants is mostly asymptomatic. However, in pregnant sheep and goats infection may cause abortion, premature birth, dead or weak offspring and it may cause reproductive disorders in cattle (Maurin and Raoult 1999; Arricau-Bouvery and Rodolakis 2005) . In a large review study, overarching the years 1982 to 2010, was conducted in which, among others, the seroprevalence of C. burnetii antibodies in goats, sheep and cattle was investigated (Georgiev et al. 2013) : within-herd prevalence estimates for cattle, goat and sheep were respectively 20.8%, 40.0%, 56.9% (Bulgaria); 15.0%, 88.1%, 20.0% (France); 19.3%, 2.5%, 8.7% (Germany); and 21.0%, 7.8%, 3.5% (the Netherlands);the herd prevalence (a herd is considered positive when at least one animal in the herd was serologically confirmed) in the Netherlands was up to 37.0% in cattle, 17.8% in goats and 14.5% in sheep. In France, the herd prevalence for cattle, goats and sheep was respectively 73.0%, 40% and 89% (Georgiev et al. 2013) . In 2011 and specifically for cattle in the Netherlands, Muskens et al. (2011) identified that 268 of 341 cattle herds (78.6%) tested positive for C. burnetii antibodies and at 56.6% of the herds C. burnetii DNA was detected.
Despite the high percentage of (herd) seroprevalence of C. burnetii in cattle, only a minority of the human Q fever outbreaks are attributed to cattle (Georgiev et al. 2013) . In addition, while almost all commercial milk products from cattle contain C. burnetii DNA, to our knowledge no reports are available indicating that these farmers, their family or milk consumers developed Q fever (Tilburg et al. 2012) . Several studies indicate that specific genotypes of C. burnetii are associated with cattle (Roest et al. 2011; Tilburg et al. 2012; Mori et al. 2013) . However, cattle can also be infected with other genotypes, when more animal species are present on the same farm (Huijsmans et al. 2011) . It can be hypothesized that humans can become infected by C. burnetii isolates originating from both cattle and goat, but infection with cattle isolates might result in fewer, milder or no clinical symptoms compared with infections by goat isolates. We hypothesize that the cattle C. burnetii isolates induce a more profound immune response in humans, which can eventually result in more effective elimination of the bacteria leading to absence of clinical disease.
To our knowledge, the current literature does not comprise studies focusing on the human immune response against different C. burnetii isolates. In order to check our hypothesis, we conducted this study in which we used 16 C. burnetii isolates with either a different origin according to the host species and/or different multilocus variable number of tandem repeat analysis (MLVA) genotype to investigate their cytokine induction upon stimulation of human peripheral blood mononuclear cells (PBMCs). As humans can get infected via either goat, sheep or cattle, C. burnetii isolates retrieved from these animals were included in the study. In addition, isolates from both acute and chronic Q fever patients were included to examine whether they induced a comparable cytokine pattern as the animal isolates. Our findings reveal that the origin of the C. burnetii isolates has a greater influence on the cytokine production by human PBMCs, compared to the MLVA genotype. Here we provide a possible immunological explanation why C. burnetii transmission from infected cattle is less likely to induce infection in humans, which can relate to the minimal numbers of human Q fever outbreaks caused by cattle as stated in the current literature.
MATERIAL AND METHODS

Coxiella burnetii isolates
The C. burnetii isolates X09003262-001 (3262), CbCVIC1, 8014160-001 (14160-001), 8014160-002 (14160-002) and 18430 were isolated from the placenta of goats or sheep that aborted at different farms during the Q fever outbreak in the Netherlands. The human C. burnetii isolates from the Netherlands, 42785537 and 334937 were isolated from the heart valve from two individual chronic Q fever patients from the Radboud University Medical Centre and Canisius Wilhelmina Hospital respectively. The other human isolates, Schperling, Henzerling, Herzberg and Scurry, were a kind gift from Dimitrios Frangoulidis of the Bundeswehr Institute for Microbiology (Munich, Germany). These isolates were retrieved from acute Q fever patients; however, they were not obtained in the Netherlands during the outbreak, and background information about the assumed origin (infection via goat, sheep or cattle) is missing. Four isolates were obtained in France from goats (1683CbC2 and CbG15D6), sheep (736Cb01) and cattle (701CbB1) and were kindly provided by A. Rodolakis (INRA, France). The second cattle isolate (CbBEB1) came from Belgium and was a kind gift from D. Fretin (Coda Cerva, Bruxelles). All isolates represent LPS phase I. LPS phase determination was performed by SDS-PAGE and silver staining, using purified phase I (RSA493) and phase II (RSA439) C. burnetii NM LPS (kindly provided by R. Toman) as controls (Schramek and Galanos 1981; Hitchcock and Brown 1983) . More details of the isolates, such as origin of the host (referred throughout the article as 'origin'), country and MLVA genotype, are described in Table 1 . All isolates were cultured on Buffalo Green Monkey (BGM) cells as described previously and heat inactivated at 99
• C for 30 min (Roest et al. 2013a) . All isolated were quantified by qPCR as described in detail by Roest et al. (2012) . In short, the qPCR targets a single copy gene encoding a C. burnetiispecific hypothetical protein (gene bank number AY502846) using the forward primer 5 -ATAGCGCCAATCGAAATGGT-3 , the reverse primer 5 -CTTGAATACCCATCCCGAAGTC-3 and the NED-labeled probe 5 -CCCAGTAGGGCAGAAGACGTTCCCC-3 . qPCR was performed on a 7500 Fast Real Time PCR system (Applied Biosystems, USA), 
MLVA genotyping
MLVA genotyping was performed by using a selection of 12 loci: ms01, ms03, ms20, ms21, ms22, ms24, ms27, ms28, ms30, ms31, ms24 and ms36. The method of MLVA genotyping is described in detail by Roest et al. (2011) and Arricau-Bouvery et al. (2006) . A dendrogram based on the MLVA genotype of the isolates was made using BioNumerics 7.5.
Isolation of human PBMCs and stimulation with Coxiella burnetii
PBMCs from healthy individuals were isolated according to standard protocols (Invitrogen, USA) as described previously (Oosting et al. 2010) . A total of 5 × 10 5 cells were added to a roundbottom 96-well plate (Corning, The Netherlands) and incubated with RPMI medium and the 16 heat inactivated C. burnetii isolates (1 × 10 7 /ml) in the presence of 10% human serum. After 24 h, 48 h and 7 days supernatants were harvested, depending on the cytokine to be measured, and stored at -20
Cytokine measurements
Cytokine production was measured in the cell supernatants using ELISA according to the manufacturer's protocols. The following kits were used: IL-10 and IFN-γ (Sanquin, the Netherlands), TNF-α, IL-1β, IL-1Ra, IL-17 and IL-22 (R&D Systems, USA). Absorption was measured at 450 nm using a microplate reader (BioRad Laboratories, the Netherlands). TNF-α and IL-1β were measured after 24 h, IL-10 and IL-1Ra after 48 h and IFN-γ , IL-17 and IL-22 were measured after 7 days incubation.
Statistics
PBMCs of 11 healthy individuals were stimulated with the different C. burnetii isolates. The average cytokine production for each isolate was used in a one-way ANOVA to identify the differences between the groups. In case of IL-1β, TNF-α, IL-10, IL-1Ra, IL-17 and IL-22, the homogeneity of variances was ≥0.05; therefore, the Bonferonni post hoc test was used to compare the different groups. For IFN-γ , difference between the variances in the groups (<0.05) was calculated and the Dunnett T3 post hoc test was used. The data are expressed as mean (± standard error of the mean). IBM SPSS 18 software was used to perform the statistical analyses and GraphPad Prism 5 software was used generate the graphs. Differences with a P value of < 0.05 were considered statistically significant.
RESULTS
Coxiella burnetii isolates from cattle induce a proinflammatory cytokine response
PBMCs stimulated with cattle isolates produced significantly more of the proinflammatory cytokines IL-1β and TNF-α, compared to the sheep, goat or isolates from patients with chronic Q fever (Fig. 1A) . In contrast, no significant differences were found between the cattle and the isolates from acute human cases. In case of IFN-γ , human PBMCs produced similar IFN-γ levels after stimulation with all different C. burnetii isolates. The general induction of IFN-γ was much lower than for IL-1β and TNF-α. The fold induction of IL-1β ranged from 10x in sheep and more than 40x in cattle isolates compared with no stimulation, whereas the fold induction for IFN-γ was only 1.44x and 2.6x in sheep and Table 1 for the details of the isolates. The following cytokines were measured using ELISA: IL-1β, TNF-α, IFN-γ (A), IL-Ra, IL-10 (B), IL-17 and IL-22 (C). The color of the bars match the following isolates; white (3x chronic human), light gray (3x acute human), medium gray (6x goat), dark gray (2x sheep), black (2x cattle). Statistical differences were tested using one-way ANOVA. In case of all cytokines, except IFN-γ , the Bonferonni post hoc test was used. For IFN-γ , differences were calculates using Fisher's least significant difference. NS: Not Significant, * P < 0.05, * * P < 0.01, * * * P < 0.001. Data are presented as mean ±SEM.
cattle isolates, respectively. Besides the high proinflammatory cytokine induction of cattle isolates, the isolates from acute human cases also produced high amounts of IL-1β and TNF-α. In case of IL-1β, there was a significant difference between isolates from patients with acute Q fever compared to isolates derived from chronic Q fever patients (P = 0.038) and sheep isolates (P = 0.035) (Fig. 1A) . In addition to the proinflammatory cytokines, the antiinflammatory cytokines IL-1Ra and IL-10 were measured. Isolates from acute Q fever patients induced the highest IL-10 and IL-1Ra in human PBMCs, followed by the cattle isolates (no significant differences). Comparing the isolates from chronic and acute Q fever patients show a trend for a lower IL-10 (P = 0.072) and IL-1Ra (P = 0.051) in the isolates from chronic Q fever patients (Fig. 1B) . Finally, the Th17 cytokines, IL-17 and IL-22 were measured. For IL-17, no differences were observed between the groups. In contrast, the IL-22 response was significantly higher in human PBMCs stimulated with cattle isolates compared to the other groups, the differences are significant for sheep (P = 0.002) goat (P = 0.004) and isolates from acute and chronic Q fever patients(both P = 0.001) (Fig. 1C) . Comparison of the isolates derived from infected cattle and the isolates from individuals with acute Q fever show that except for IL-22, there are no significant differences in cytokine responses in human PBMCs.
Three of the six goat isolates have a low passage number (3-4 times), while the other three isolates have been passed on BGM cells 12 to 14 times. Despite these differences in passage number, examination by SDS-PAGE and silver staining revealed that all isolates contained phase I LPS. Furthermore, statistical analyses between the low and high passage number goat isolates showed no significant difference in IL-1β and TNF-α production by human PBMCs upon stimulation (data not shown).
The MLVA genotype of Coxiella burnetii isolates does not influence the cytokine production of human PBMCs
Besides analyzing the isolates based on their origin, the isolates were discriminated based on their MLVA genotype. Two main (Table 1) were used to construct a dendrogram of 16 C. burnetii isolates. Numbers on the connecting lines refer to the distance between the nodes, e.g. 4 means four different loci. The size of the circles is proportional to the number of strains bearing the same genetic profile. Colors indicate the origin from which the isolates originate; goat (dark gray), human acute Q fever (black), human chronic Q fever (light gray), sheep (dashed) and cattle (white). Branch labels give the. Clustering by minimum spanning tree (MST, hypothetical, non-rooted) was performed with Bionumerics 7.5. genotypes can be distinguished among our isolates. First, the genotype, named CbNL01 by Roest et al. (2011) , was the dominant genotype found during the Dutch Q fever outbreak. In total, six isolates from our study belong to this genotype, four goat and two isolates from chronic Q fever patients. The second main genotype in our study, referred to as CbNL12, contained two goat, one sheep and the two cattle isolates. The third group consists of the remaining individual genotypes, including the three acute human strains, one chronic human strain and a second sheep strain. The differences in MLVA genotype are visualized in Fig. 2 , which shows the minimal spanning tree of all C. burnetii isolates included in this study. Genotype CbNL12 differs nine micro satellite (ms) loci from CbNL01 and is situated in a separate genotype. From three isolates, 701CbB1, CbBEB1 and 18430, one or two ms loci were missing. Based on the 10 known ms loci, these isolates belong to the CbNL12 MLVA genotype.
Comparison of the cytokine induction between the diverse genotypes showed no significant differences in the proinflammatory cytokines (IL-1β, TNF-α, IFN-γ ) (Fig. 3A) and other cytokines (IL-10, IL-1Ra, IL-17 and IL-22) ( Fig. 3B and C) . Among the isolates with the CbNL12 MLVA genotype, the isolates originated from infected cattle produced significant more TNF-α, IL-1β, IL-10 and IL-1Ra (Fig. S1 , Supporting Information).
DISCUSSION
Coxiella burnetii causes Q fever in humans and a broad range of animals throughout the world. We hypothesized that cattle C. burnetii isolates induce a different immune response in humans than isolates derived from goats and sheep, which can eventually result in less clinical disease. Our study revealed that the cytokine patterns induced in human PBMCs depend on the C. burnetii isolate host origin, and not on the MLVA genotype of the C. burnetii isolates.
There are several explanations for the observed differences in cytokine response of human PBMCs against C. burnetii isolates originating from different animal hosts, and for the observation that the MLVA genotypes used in this study do not affect these cytokine responses.
We observed that the two cattle isolates with MLVA genotype CbNL12 induced more pro-and anti-inflammatory cytokines in human PBMCs than the two goat and sheep isolates with the same MLVA genotype (Fig. S1 ). However, it is not possible to correlate the cytokine induction by human PBMCs against a C. burnetii isolate based on its MLVA genotype. MLVA genotyping depends on a selection of loci containing tandem repeats which are targeted. These loci do probably not code for antigens that are involved in the innate immune response. So, even though the MLVA genotype of the C. burnetii isolates is the same, other parts of the genome can differ which might result in variations in antigens responsible for diverse responses from host (Roest et al. 2013) .
Another explanation for the observed differences in cytokine response upon stimulation by C. burnetii isolates coming from different host is the expression of diverse virulence factors. Recently, D'Amato et al. (2014) indicated that C. burnetii Z3055, a clone linked to the Dutch Q fever outbreak isolate 3262, contains significantly more non-synonymous gene mutations for proteins belonging to the categories of membrane proteins, ankyrin repeat domain-containing proteins, transcription factors and translational proteins. They hypothesized that the epidemic potential of this isolate is based on modifications in the antigenic surface proteins and growth rate, which results in a new serotype (classification of microorganisms based on the cell surface antigens) (D'Amato et al. 2014) . Differences in membrane proteins or other virulence factors of C. burnetii can make individuals less or more susceptible for infection; in addition, it could result in fewer or more clinical symptoms depending on the responsiveness of the immune system. It can be hypothesized that the C. burnetii isolates from cattle possess specific virulence factors, to which the human immune system is more profound to react. A key component of the outer membrane of C. burnetii is lipopolysaccharide (LPS). The isolates used in our study consist of phase I LPS (Narasaki and Toman 2012; Toman et al. 2003) . Studies showed discrepancies in immune response induction of lipid A, where Toman et al. found an induction of the host immune response, and others showed no induction (Toman et al. 2004; Zamboni et al. 2004) . However, the effect on Table 1 for the details of the isolates. The following cytokines were measured using ELISA: IL-1β, TNF-α, IFN-γ (A), IL-Ra, IL-10 (B), IL-17 and IL-22 (C). The color of the bars match the following isolates: white (6x CbNL01), gray (5x CbNL12), black (5x remaining MLVA genotypes). Statistical differences were tested using one-way ANOVA. In case of all cytokines, except IFN-γ , the Bonferonni post hoc test was used. For IFN-γ , differences were calculates using Fisher's least significant difference. NS: Not Significant. Data are presented as mean ±SEM.
the host immune response due to modifications in lipid A has also been observed in other microorganisms such as Salmonella typhimurium (Guo et al. 1997) . In respect to our study, it can be possible that the C. burnetii isolates possess different lipid A variants, which could mediate the difference in the observed cytokine induction.
The responsiveness of the human immune system is another factor which can explain the induced cytokine differences between PBMCs stimulation with cattle isolates or goat and sheep isolates. This difference in cytokine induction may be explained by the ability of our immune system to mount an adequate proinflammatory response to these different strains. This was shown for Cryptococcus by Schoffelen et al. (2013) , as they concluded that PBMCs from healthy individuals induced a more pronounced inflammatory response against clinical heat-killed C. gattii isolates than to other Cryptococcus species and non-clinical C. gattii (Schoffelen et al. 2013) .
From our study, we conclude that human PBMCs are able to induce a cytokine response against all C. burnetii isolates tested, independent of the origin or MLVA genotype. There is evidence that insufficient induction of proinflammatory cytokines results in defective activation of the host immune response on invasion of the organism by pathogenic microbes, resulting in increased susceptibility to infections (Netea et al. 2003) . Of course, the virulence factors of the C. burnetii isolates and the responsiveness of the human immune system are linked to each other. The Q fever outbreak in the Netherlands can be explained by the fact that, besides possible differences in virulence of the isolate, the human immune system is not able to induce an optimal response, probably due to different antigens, leading to a higher susceptibility to infection. Our findings were confirmed in a study performed by Kuley (2017, submitted) in which they investigated innate and adaptive immune responses at several time points after infection of mice with 10 different C. burnetii isolates. Their study included four goat, two cattle and four human isolates, which were similar as in our study. They observed that the cattle-derived isolates induced a more profound inflammatory and protective immune response compared to goat and human-derived isolates. In addition, they also concluded that immune responses are more depending on the host origin than on MLVA genotype. Another example that specific genotypes are not linked to a certain immune response can be found in Borrelia burgdorferi RST 1 and RST 3 isolates. The RST 1 isolates are more likely to cause disease in humans than the RST 3 isolates. Mason et al. (2015) observed that both isolates showed no variation in their induced innate immune responses, and concluded that their differential invasiveness is not dependent on their genotype.
IFN-γ induced by the cattle isolates was not significantly higher than in the isolates from either goats or sheep. In contrast, the other proinflammatory cytokines IL-1β and TNF-α were significant higher in the cattle isolates than in the isolates from either goats or sheep. One explanation for the observed difference could be the larger variation of IFN-γ production among the PBMCs of healthy individuals, resulting in less mutual differences between isolates of different origin (Fig. S2 , Supporting Information). PBMCs of 11 individuals were stimulated with the different isolates and we deliberately choose not to exclude the outliers in order to visualize the variance in cytokine responses. For example, our data show that there is a reasonable variation in IFN-γ , Il-17 and IL-22 induction per person. Second, as mentioned in the results, the general induction of IFN-γ was much lower than for IL-1β and TNF-α.
In our study, a MOI of 1:20 was used because it induced a measurable cytokine response in all isolates. However, it is possible that a different MOI induces a different cytokine response in human PBMCs. This has been shown for Borrelia burgdorferi by Mason et al. (2015) .
Besides the significant differences in IL-1β and TNF-α induction of the cattle isolates, IL-22 was significant higher in these isolates than in the goat and sheep isolates. IL-22, in part synergistically with other cytokines such as TNF-α, activates the expression of antimicrobial proteins like defensins. Furthermore, IL-22 promotes the production of inflammatory mediators, such as granulocyte colony-stimulating factor, IL-1β and lipopolysaccharide-binding protein (Rutz, Eidenschenk and Ouyang 2013) . The initiation of these immune responses by IL-1β, TNF-α and IL-22 can explain the better clearance of C. burnetii originating from cattle by humans. Related to the clearance of C. burnetii, it would be interesting for future studies to investigate the uptake and replication of different C. burnetii isolates in human immune cells and other hosts, and its relation to the induction of an immune response. We observed no differences in IL-10 and IFN-γ induction between the different C. burnetii isolates. As these cytokines are important for the intracellular clearance of microorganisms, it can be suggested that due to a stronger immune response the initial uptake of cattle isolates is prevented. However, the current study uses heat inactivated isolates, which limits to investigate the uptake and possible replication of different isolates in human macrophages. So far, our knowledge is limited and other studies only show that bovine C. burnetii isolates prefer allogeneic host cells in vitro, and that mice are able to clear cattle-derived C. burnetii isolates faster than goat or human isolates (Mori et al. 2013; Kuley 2017, submitted) .
The isolates from acute Q fever cases show a similar cytokine profile as the cattle isolates except for IL-22, even though these isolates were not retrieved from Dutch patients during the Q fever outbreak but from Kyrgyzstan, Italy and Greece. Unfortunately, there is only limited information on the background of these isolates, and we do not know whether these individuals were infected via cattle, sheep or goat. Although C. burnetii infection of human via cattle is less common, based on the cytokine patterns from our study, it is possible that these acute human isolates originated from infected cattle. The cytokine pattern of PBMCs stimulated with isolates from chronic Q fever patients was similar to that of goat isolates. Based on these findings, it is possible to speculate that some C. burnetii isolates are inducing acute Q fever, while other C. burnetii isolates are responsible for chronic Q fever infections. This hypothesis is strengthened by several studies demonstrating that C. burnetii isolates originating from humans with acute Q fever differ in plasmid type (Samuel, Frazier and Mallavia 1985) , lipopolysaccharide profiles (Hackstadt et al. 1985) and chromosomal DNA restriction endonuclease fragment patterns (Hendrix, Samuel and Mallavia 1991) from many isolates originating from chronic Q fever. In addition, a 28-kDa membrane-associated protein was identified and demonstrated that the acute disease antigen A (adaA) gene is expressed in acute isolates but not carried by chronic isolates, suggesting that adaA may be a virulence factor related to acute Q fever (Zhang et al. 2005) . In contrast, other studies indicated that no specific gene(s) on plasmids are responsible for a specific virulence phenotype (Stein and Raoult 1993; Valkova and Kazar 1995) . Moreover, during the Dutch Q fever outbreak, we assume that the majority of the infected individuals, both acute and chronic, are infected with the same C. burnetii MLVA genotype originating from goats. Meaning that one C. burnetii MLVA genotype can induce either acute or chronic Q fever infections in humans. In our opinion, the disease outcome of C. burnetii infections in humans is multifactorial. Besides the findings present in this study, we recently also described that single nucleotide polymorphisms in specific pattern recognition receptors increase the chance to develop chronic Q fever (Schoffelen et al. 2015) . Taking all this into account, the severity of the infection is influenced among others by the origin and virulence of the C. burnetii isolate, as well as the immune status and genetic background of the infected individual. This is strengthened by the fact that many diverse C. burnetii isolates are found in goats, which are not detected in human samples. It implies that only the origin of the isolate does not correlate to the possibility for human infection and disease outcome.
